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Edited by Horst FeldmannAbstract Peroxisomes are unique organelles whose physiologi-
cal functions vary depending on the cellular environment or met-
abolic and developmental state of the organism. These changes in
enzyme content are accomplished by the dynamically operating
membrane and matrix protein import machineries of peroxi-
somes that rely on the concerted function of at least 20 peroxins.
The import of folded matrix proteins is mediated by cycling
receptors that shuttle between the cytosol and peroxisomal
lumen. Receptor release back to the cytosol represents the
ATP-dependent step of peroxisomal matrix protein import,
which consists of two energy-consuming reactions: receptor ubiq-
uitination and dislocation.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Peroxisomes are single-membrane-bound organelles that ful-
ﬁl a large variety of functions in virtually all eukaryotic cells.
They exhibit a pronounced morphological and metabolic plas-
ticity, which is dependent on the organism, cell type and pre-
vailing environmental conditions.
Peroxisomes were initially described as ‘‘microbodies’’ in
electron microscopic pictures of mouse kidney cells [1]. Subse-
quently, de Duve developed the Nobel Prize honoured
diﬀerential and gradient centrifugation method for cell-
fractionation [2]. These tools were instrumental for the isola-
tion of an organelle fraction containing catalase and hydrogen
peroxide producing oxidases which was named peroxisomes
[3].
Peroxisomes appear to own a unique variability in enzyme
content and thus metabolic function, which mark them as
‘‘multi-purpose organelles’’ that are adjusted according to
the cells needs [4]. The enzymes in the peroxisomal matrix
are linked to diﬀerent biochemical pathways. A central func-
tion is the b-oxidation of fatty acids and the detoxiﬁcationAbbreviations: AAA, ATPase associated with various cellular activi-
ties; ERAD, endoplasmatic reticulum associated degradation; PTS,
peroxisomal targeting signal; RING, really interesting new gene; Ub,
ubiquitin
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doi:10.1016/j.febslet.2007.04.001of the thereby produced hydrogen peroxide. This pathway is
exclusively localized in the peroxisomal compartment of fungi
and plants, whereas in mammalian cells the breakdown of dif-
ferent types of fatty acids is distributed between peroxisomes
and mitochondria [5]. The decomposition of fatty acids mark
peroxisomes as one source of signalling molecules such as reac-
tive oxygene species (ROS) in plants [6] or lipid ligands for the
peroxisome proliferator-activated receptors (PPAR) family in
humans, whose dysfunction is linked to hepatocellular carci-
noma [7]. The enzymes of the peroxisomal b-oxidation path-
way are also involved in the synthesis of chemical
compounds which function as phytohormones in plants, such
as jasmonates or indol-3-acetic acid [6]. Other functions in-
clude a-oxidation of branched-chain fatty acids in mammals
and plants [8], the main reactions of photorespiration in leaf
peroxisomes [9], the ﬁnal steps of penicillin biosynthesis in
some ﬁlamentous fungi [10], or synthesis of bile acid and ether
lipids such as plasmalogens, which contribute more than 80%
of the phospholipid content of the white matter in the brain
[11]. The generation and detoxiﬁcation of hydrogen peroxide
and other ROS relates peroxisomes to the molecular process
of aging [12].
Specialized forms of peroxisomes were initially described as
separate organelles. In this context, the glyoxysomes of plant
seedlings and some fungi house enzymes of the glyoxylate cycle
that enable the conversion of lipids into carbohydrates [13].
Filamentous fungi contain Woronin-bodies additionally to
other microbodies. Their task is to seal septal pores in their hy-
phae in order to prevent fatal cytosolic bleeding [14,15]. The
glycosomes of trypanosomes harbour key enzymes of glycoly-
sis [16] which might also be true for the microbodies of the
pathogenic basidiomycete Cryptococcus neoformans [17].
The study of peroxisomal biogenesis and protein import was
hampered for a long time by their great fragility and low abun-
dance in many tissues. This situation changed when it was dis-
covered that peroxisome proliferation can be induced in bakers
yeast by manipulation of the carbon source [18]. When S. cere-
visiae cells were grown on oleic acid as the sole carbon source,
peroxisomes become essential for growth because they repre-
sent the exclusive site for fatty acid degradation in yeast. This
allowed the screening of mutants aﬀected in the biogenesis of
peroxisomes, referred to as pex mutants [19,20] with PEX
being the acronym for the corresponding gene, the gene prod-
ucts were collectively named peroxins [21]. To date 32 peroxins
are known [22,23]. They are involved in the three key stages of
peroxisomal development: (i) formation of the peroxisomal
membrane, (ii) peroxisome proliferation and (iii) compartmen-
talization of peroxisomal matrix proteins.blished by Elsevier B.V. All rights reserved.
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The origin of the peroxisomal membrane has been a matter
of debate for a long time. Early studies which were based on
ultrastructural investigations using electron microscopy and
suggested that peroxisomes generate by budding from the
endoplasmic reticulum (ER) [24]. Later, biochemical data
demonstrated that peroxisomal matrix proteins are synthesized
on free ribosomes in the cytosol and that these proteins are im-
ported posttranslationally in pre-existing peroxisomes. Based
on these results, an ER-independent model, termed ‘‘growth
and division model’’, was proposed, which predicted that per-
oxisomes multiply autonomously like mitochondria or chloro-
plasts [25]. Although the sum of the published data placed
peroxisomes among these autonomously multiplying organ-
elles, the observation that the reintroduction of a gene into a
peroxisome-lacking deletion strain, could induce a de novo
formation of peroxisomes, remained diﬃcult to explain. Re-
cent studies, mainly based on real-time ﬂuorescence micros-
copy combined with biochemical approaches, provided
evidence for the ER being the source for the origin of peroxi-
somal membranes, at least during de novo formation [23,26].
This process requires the integral membrane protein Pex3p,
which is localized to the ER at ﬁrst, concentrates in foci that
bud oﬀ in a Pex19p-dependent manner and mature to func-
tional peroxisomes [26]. Peroxisome formation in mammalianFig. 1. Model for the division and proliferation of peroxisomes. Pex19p, P
membrane as they facilitate the insertion of peroxisomal membrane protein
peroxisomes at the ER. The formation of mature peroxisomes may involv
peroxisomal membrane proteins Pex11p, Pex25p and Pex27p are involved i
Rho1p might be involved in this process because it binds to Pex25p. Conse
dynamin-related proteins Vps1p(DLP1) and Dnm1p. The former is anchore
peroxisomes are supposed to be separated by Pex28p and Pex29p, which a
thought to be regulated by Pex30p, Pex31p and Pex32p, which are the ortholo
is facilitated by the import of matrix proteins. Inheritance of peroxisomes req
from S. cerevisiae, with the exception of Pex16p, which has not yet been iden
fungi.cells also depends on the function of cotranslationally inserted
Pex16p [27]. Little is known about the ER-targeting of Pex3p
to the ER as well as the budding and subsequent maturation of
peroxisomes. In Yarrowia lipolytica, this process involves for-
mation and fusion of pre-peroxisomal vesicles which is thought
to depend on the ATPase associated with various cellular
activities (AAA) proteins Pex1p and Pex6p [28].
Based on data from plant and mammalian cells, a retrograde
pathway of membrane portions from the peroxisome to the
ER is discussed as well [29,30]. As a consequence of the recent
results, peroxisomes are believed to constitute a semi-autono-
mous part of the secretory pathway [26] (Fig. 1).
However, new peroxisomes are believed to arise primarily by
duplication of the pre-existing peroxisomes. To this end, per-
oxisomes contain an elaborate ﬁssion and proliferation
machinery. Pex11p was among the ﬁrst components of this de-
vice which were discovered. The deletion of PEX11 leads to a
strong reduction of peroxisome number together with an in-
crease in size of the remaining peroxisomes. Additionally, the
Pex11p-type peroxins Pex25p and Pex27p play a role in con-
trolling size and number of S. cerevisiae peroxisomes. Their
function is thought to induce constriction of the organelle
[31] (Fig. 1). Pex25p is also described as recruitment factor
for the GTPase Rho1p [32] which controls actin reorganisation
at the peroxisomal membrane and thus may be required for the
peroxisomal division and the inheritance process. The scissionex3p and Pex16p are required for the formation of the peroxisomal
s. This explains their initial requirement for the de novo formation of
e the fusion of precursor vesicles, as observed in Y. lipolytica. The
n the elongation and constriction of mature peroxisome. The GTPase
cutively, the peroxisome undergoes a ﬁssion event, which requires the
d to the peroxisomal membrane via Fis1p. The divided but clustered
re the orthologues of Y. lipolytica Pex24p. The size of peroxisomes is
gues of Y. lipolytica Pex23p. The maturation process of the peroxisome
uires Inp1p, Inp2p and Myo2p. The nomenclature refers to the proteins
tiﬁed in bakers yeast but is known to exist in humans, plants and other
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the function of the dynamin-related proteins Vps1p(DLP1)
and Dnm1p, as well as the Vps1p-anchoring protein Fis1p,
all of which are also involved in ﬁssion processes of mitochon-
dria [23]. The peroxisomes are still clustered after the ﬁssion
event. These clusters are thought to be dissociated by the
membrane proteins Pex28p and Pex29p of S. cerevisiae, respec-
tively their orthologue Pex24p in Y. lipolytica [33]. The size of
peroxisomes is further regulated by Pex30p, Pex31p and
Pex32p in S. cerevisiae or the orthologous Pex23p from
Y. lipolytica [22]. These peroxins act downstream of Pex28p
and Pex29p, but not much is known about their molecular
function.
The movement of peroxisomes into daughter cells and thus
peroxisomal inheritance is regulated by Inp1p, which is sup-
posed to link peroxisomes to a cortical anchor to retain them
in mother cell and bud. Inp2p is a peroxisomal receptor for
Myo2p which moves peroxisomes along polarized actin cables
into the bud of the dividing cell [34].3. Topogenesis of peroxisomal membrane proteins
Insertion of peroxisomal membrane proteins (PMPs) re-
quires Pex3p, Pex19p and in some organisms Pex16p [35]
(Fig. 2). Pex19p is supposed to function as a soluble chaperon
and import receptor for PMPs. This is based on the ﬁnding
that most PMPs contain conserved Pex19p-binding sites whichFig. 2. Topogenesis of peroxisomal membrane proteins. Most peroxisomal m
signal (mPTS) that is recognized by the import receptor and chaperon Pex19p
the ER during de novo formation of peroxisomes. Pex3p functions as mem
peroxisomes.almost always are also required for their peroxisomal localiza-
tion and protein stability [36,37]. For proper peroxisomal tar-
geting, integral peroxisomal membrane proteins in addition
require an adjacent transmembrane domain [37], peripheral
membrane proteins require the intact binding site to their
anchoring protein [38]. Accordingly, the signal sequence for
the targeting to the peroxisomal membrane (mPTS) constitutes
of the Pex19p-binding site plus a membrane anchoring se-
quence which can be a transmembrane segment or a protein
binding site.
In addition to the Pex19p-dependent targeting pathway,
which directs peroxins directly to the peroxisomal membrane
(class I proteins), a second insertion pathway has been pro-
posed for Pex3p and Pex16p (class II proteins). It is believed,
that theses proteins travel via a so far uncharacterized region
of the ER. Pex3p binds Pex19p at the peroxisomal mem-
brane or at the ER and thus may function as the membrane
anchor of cargo-loaded Pex19p [39] (Fig. 2). Pex16p is thought
to serve as a recruitment factor for Pex3p or as a component of
the putative membrane translocase [27]. Although the exact
mechanism of PMP insertion into the peroxisomal membrane
remains to be investigated, the described functions of Pex3p
and Pex19p in this process are generally accepted. However,
some other observations are not that easy to reconcile with this
model, as pex19D cells of Y. lipolytica still contain peroxisome-
like structures [40] or the ﬁnding that peroxisomes can be
formed independently of Pex19p from the ER in Hansenula
polymorpha [41].embrane proteins (PMPs) contain a peroxisomal membrane targeting
which directs its cargo to the peroxisomal membrane or alternatively to
brane anchor protein for the Pex19p-PMP complexes at the ER and
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One remarkable feature of peroxisomes is the fact that they
can import fully folded and even oligomeric proteins. They
share this ability with the nucleus and the TAT translocase
of thylacoides and bacteria but this feature distinguishes them
from mitochondria, chloroplasts and the ER [42]. Peroxisomes
do not contain DNA. All peroxisomal matrix proteins are en-
coded in the nucleus, synthesized on free ribosomes and im-
ported posttranslationally [25]. Besides formation of the
protein import machinery at the peroxisomal membrane, an-
other prerequisite for protein import is the recognition of the
matrix proteins by dynamic receptors in the cytosol. The per-
oxisomal protein import conceptually can be divided in four
steps. First, soluble receptors bind their cargo proteins in the
cytosol and guide them to a docking site at the peroxisomal
membrane (i), the receptor–cargo complex translocates to the
luminal site of the peroxisomal membrane (ii), where the com-Fig. 3. Peroxisomal matrix protein import cascade. The peroxisomal protein i
the cytosol and direction of the receptor–cargo complexes to the peroxisom
luminal site of the peroxisomal membrane. (iii) Disassembly of the receptor–c
to the cytosol. Proteins harbouring the peroxisomal targeting signal type
recognized by Pex7p, which cooperates with Pex18p and Pex21p in S. cere
mammals. The receptor–cargo complexes associate with the peroxisomal m
Pex13p and Pex17p. The RING-ﬁnger domain containing peroxins Pex2p, Pe
the docking-complex via Pex8p. The receptor–cargo complex dissociates at t
monoubiquitinated by the E2-enzyme Pex4p or polyubiquitinated by Ubc4p
the peroxisomal membrane by Pex15p in yeast or its orthologue Pex26p in m
the cytosol. The polyubiquitinated PTS1-receptors are degraded by the protea
rounds of import.plex is disassembled in order to release the cargo (iii) and the
receptor is returned to the cytosol (iv) (Fig. 3).
4.1. Targeting signal-dependent cargo recognition
The targeting of proteins destined for import into peroxi-
somes relies on two conserved peroxisomal targeting signals.
The majority of peroxisomal matrix proteins possess a perox-
isomal targeting signal type 1 (PTS1) at the very carboxy-ter-
minus consisting of the tripeptide sequence SKL or variants
thereof [43,44]. Pex5p interacts with the signal predominantly
via six tetratricopeptide repeats (TPRs) within its carboxy-ter-
minal half. Crystal structures of the receptor in absence and
presence of cargo revealed major conformational changes
within Pex5p upon substrate binding [45]. Interestingly, the
cargo is bound to the receptor not only by the PTS1-sequence
but also by a topologically separate interaction site [45]. It is an
open question how this secondary interface contributes to the
eﬃciency of the protein import.mport conceptually can be divided in four steps: (i) cargo recognition in
al membrane. (ii) Translocation of the receptor–cargo complex to the
argo complex in the peroxisomal lumen and (iv) return of the receptor
1 are recognized by the soluble receptor Pex5p. PTS2 proteins are
visiae, the orthologous Pex20p in other fungi or Pex5L in plants and
embrane via the peroxisomal docking complex, consisting of Pex14p,
x10p and Pex12p form the RING-ﬁnger complex, which is connected to
he luminal site of the membrane. The integral PTS1-receptor is either
or Ubc5p. The AAA peroxins Pex1p and Pex6p, which are anchored to
ammals, dislocate the ubiquitinated Pex5p from the membrane back to
some, whereas the monoubiquitinated receptors are recycled for further
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K)/(L/V/I)X5(H(Q))(L/A) localized near the amino-terminus
of matrix proteins [46]. PTS2-harbouring proteins are recog-
nized by the WD40 protein Pex7p [47]. The PTS2 pathway dis-
plays a higher variability than the PTS1 pathway in terms of
the receptor complexes involved. Pex7p cooperates with the
redundant co-receptors Pex18p and Pex21p in S. cerevisiae
or the orthologous Pex20p proteins in other fungi species
[48] which are required for the proper targeting and stabiliza-
tion of the receptor–cargo complexes. In mammalian cells, a
short and a long isoform of Pex5p have been identiﬁed, termed
Pex5S and Pex5L. These proteins diﬀer only in a short inser-
tion in Pex5L, which has been demonstrated to bind Pex7p.
Furthermore, it has been shown that both PTS pathways are
also coupled in plants. Thus, whereas in yeast and fungi both
PTS pathways converge at the membrane-bound protein im-
port machinery, they coincide in higher eukaryotes already
at the level of Pex5L [48].
Interestingly, some proteins, like acyl-CoA oxidases from
diﬀerent species contains no obvious PTS signal although their
import still depends on Pex5p. These non-PTS proteins bind to
separate binding sites of the receptor that are distinct from the
TPR domain [49].
Although the PTS1- and PTS2-recognition factors diﬀer in
some aspects, they are characterized by a similar modular
architecture. Accordingly, the co-receptor/Pex7p-complex of
the PTS2-pathway resembles the Pex5p of the PTS1-pathway
in many aspects. The PTS2-cargo recognition factor Pex7p is
functionally related to the C-terminal part of Pex5p, which
comprises the cargo binding region while in terms of structure
and function the co-receptors are related to the N-terminal
part of Pex5p. This region is responsible for the peroxisomal
targeting and association with diﬀerent components of the
translocation machinery. The resemblance of the correspond-
ing factors is obvious by chimera of Pex18p (without its
Pex7p-binding site) fused to the TPR-domains of Pex5p which
can rescue PTS1-import in a PEX5-deﬁcient strain [50].4.2. Docking of the receptor–cargo complex at the peroxisomal
membrane
The three peroxins Pex13p, Pex14p and Pex17p constitute
the docking complex of the peroxisomal import machinery
for incoming receptor–cargo complexes [49]. Pex17p is a
peripheral membrane protein of unknown function which
associates to peroxisomes via Pex14p. Interestingly, in silico re-
search results predict Pex17p to be genetically fused to Pex14p
in a number of species [51]. Both Pex13p and Pex14p interact
with each other and both proteins also bind Pex5p. Pex13p is
an integral membrane protein containing a Src homology
(SH3) domain, which provides a binding site for the proline-
rich SH3-ligand motif (PXXP) in Pex14p. However, Pex13p
and Pex14p contain several additional binding sites for Pex5p,
which are partially embedded in the membrane, pointing to a
very dynamic interaction modus [52,53]. The amount of PTS-
receptors at peroxisomal membrane remnants is reduced in
pex14D mutant cells in comparison to pex13D or other mu-
tants [54] and cargo-loaded Pex5p exhibits a higher binding
aﬃnity to Pex14p than to Pex13p [55]. Thus, Pex14p is believed
to make the ﬁrst contact of the PTS-receptors within the com-
plex network of protein–protein interactions upon cargo trans-
location across the peroxisomal membrane.4.3. Translocation and cargo release
Several components of the peroxisomal protein import
machinery bind the import receptors upon cargo translocation,
giving rise to the idea of an import cascade in which the recep-
tors are contacted by one component after the other. The
mechanism of protein translocation across the peroxisomal
membrane and release of cargo into the lumen is not clear
and the composition of the translocon has not yet been eluci-
dated. Components of the docking complex themselves might
constitute part of the translocon [49]. One interesting fact
about Pex5p is that it changes its membrane topology during
the protein import cascade. First, it is soluble in the cytosol
but at the peroxisomal membrane it behaves like an integral
membrane protein [56]. At the end of the import cascade,
Pex5p reaches the luminal side of the peroxisomal membrane
[57], although it is still a matter of debate whether the whole
receptor–cargo complex (‘‘extended shuttle hypothesis’’) or
just a part of Pex5p (‘‘simple shuttle hypothesis’’) reaches the
peroxisomal lumen upon cargo translocation [58]. Equally,
Pex7p has been demonstrated to behave like a cycling receptor
[59] and it is likely that also its co-receptor Pex20p enters the
peroxisome [60]. According to the ‘‘transient pore hypothesis’’
[61], the receptors and co-receptors might contribute to a dy-
namic import pore which opens the membrane dynamically
for a second species of cargo-loaded Pex5p and Pex7p, respec-
tively. In this respect, it is interesting to note that recombinant
Pex5p might insert spontaneously into phospholipid mem-
branes [53], however, conclusive evidence for the existence of
such a pore is still missing. Likewise, the mechanism of cargo
release inside the peroxisome is not understood. In this con-
text, the functional role of Pex8p, an intraperoxisomal periph-
eral membrane protein, is discussed controversially. Pex8p
contains both the PTS1- as well as the PTS2-sequence that
may either function in disassembling the receptor–cargo com-
plexes or in targeting of Pex8p to the peroxisomes [62]. The
best understood function of Pex8p relates to the connection
of the docking complex to the peroxisomal really interesting
new gene (RING)-ﬁnger complex, which is composed of the
RING-motif containing peroxins Pex2p, Pex10p and Pex12p
[63]. The multi-protein complex consisting of docking- and
RING-complex is called the ‘‘importomer’’ [63]. The function
of the RING-ﬁnger peroxins is not known to date, but they
were often correlated with cargo translocation. This is mainly
based on the ﬁndings that disruption of the RING-complex
inhibits the import of Pex5p [64–66], whereas others ﬁnd Pex5p
[67] and Pex20p [60] to accumulate inside the peroxisome un-
der these conditions.
After release into the matrix of mammalian, plant and Y.
lipolytica peroxisomes, the PTS2-signal sequences are proteo-
lytically removed from most proteins [49]. Recently, the corre-
sponding peptidase of mammals has been identiﬁed as Tysnd1
[68]. Processing of the peroxisomal signal sequences does not
seem to occur in S. cerevisiae.4.4. Receptor ubiquitination and recycling
Subsequent to cargo liberation, Pex5p, Pex7p and Pex20p
are exported back to the cytosol for further rounds of import
[57,59,60].
Early studies discovered that the peroxisomal matrix protein
import is an energy-dependent process requiring the hydrolysis
of ATP [69]. Investigations in permeabilized cell systems of
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lated reversibly at the peroxisomal membrane under condi-
tions when protein transport was blocked [65]. Detailed
in vitro studies revealed that the binding and translocation
of Pex5p itself is ATP-independent while the export of Pex5p
back to the cytosol requires ATP [70]. The identity of the cor-
responding ATPase remained a matter of speculation until
in vitro systems in S. cerevisiae [54] and human ﬁbroblast cells
[66] identiﬁed the peroxisomal AAA ATPases Pex1p and
Pex6p as the motor-proteins of Pex5p export. Their function
is not redundant and depends on the presence of their mem-
brane anchor, Pex15p in yeast and its orthologue Pex26p in
mammalian cells. In vitro reconstitution of the complete Pex5p
cycle revealed that ATP-binding and hydrolysis in the con-
served domains of both Pex1p and Pex6p were needed for
the receptor dislocation [54]. The binding and consumption
of ATP is believed to induce conformational changes that gen-
erate the driving force to pull the receptor out of the mem-
brane.
The exact mechanism of substrate recognition by the AAA
peroxins is not well understood. Although Pex5p and the
AAA ATPases form a complex at the peroxisomal membrane
[54,66,71], no direct interaction of the PTS-receptors with
either Pex1p or Pex6p has yet been reported. This interaction
seems to be regulated or mediated by a third factor, which
could represent an unknown adaptor protein of the AAA per-
oxins or posttranslational modiﬁcation of the substrate. It is
well known that both parameter play a central role in the func-
tion of the AAA protein Cdc48p(p97,VCP) [72], which is the
evolutionary closest relative of Pex1p and Pex6p [73]. As a
consequence, the question has to be addressed of how the
AAA peroxins can distinguish Pex5p forms destined for dislo-
cation from cargo-loaded Pex5p species.
The X-ray structure of the N-terminal domain of Pex1p re-
vealed striking similarities to the corresponding domains of
other AAA proteins like Cdc48p(p97,VCP) or Sec18p(NSF)
and demonstrates the existence of a double-psi b-barrel fold
[74]. This structural feature was interpreted as a putative adap-
tor binding site. Recent data from Cdc48p and Ufd1p identify
this fold as a ubiquitin-binding domain with two binding sites
for mono- and polyubiquitin, respectively [75]. Most interest-
ingly, the PTS-receptors Pex5p, Pex18p and Pex20p are ubiq-
uitinated and this modiﬁcation plays a functional role in
their receptor cycle [60,76,77]. The PTS1-receptor Pex5p of
S. cerevisiae has been demonstrated to be monoubiquitinated
in wild-type cells of S. cerevisiae [78] and was shown to be
polyubiquitinated in mutants of the AAA- and Pex4p/
Pex22p-complexes in S. cerevisiae and H. polymorpha
[76,79,80]. The PTS2-co-receptor Pex20p of P. pastoris is poly-
ubiquitinated in the same set of mutants [60].
Polyubiquitination of the PTS1 receptor Pex5p requires the
ubiquitin conjugating enzymes Ubc4p [76,78,79] and the partly
redundant Ubc5p [76] and Ubc1p [78], exclusively takes place
at the peroxisomal membrane at the end of the receptor cycle
and primes the protein for proteasomal disposal. Apparently
the eﬃciency of proteasomal disposal of the receptor varies
among diﬀerent species signiﬁcantly. While Pex5p from S.
cerevisiae is heavily polyubiquitinated in recycling mutants,
single deletions in the same set of proteins result in a dramatic
decrease of the Pex5p steady state concentration in human
cells [65], plants [81], H. polymorpha [82,83] and P. pastoris
[84]. Polyubiquitination of Pex5p and Pex20p is pronouncedin pex mutants whose normal function is connected to receptor
recycling and can be classiﬁed as a part of a quality control
system [54,79]. Alternatively, the acronym RADAR (receptor
accumulation and degradation in absence of recycling) has been
suggested [60]. This mechanism is supposed to reconstitute
binding capacities for cargo-loaded receptors at the peroxi-
somal membrane by removing dysfunctional receptor mole-
cules [60,61].
Although the AAA peroxins can release polyubiquitinated
Pex5p from the membrane, polyubiquitination of the PTS1-
receptor itself does not seem to be a prerequisite for the export
process under physiological conditions [85]. However, the
PTS1-receptor Pex5p can be transiently modiﬁed by mono-
ubiquitination which often is associated with signalling or pro-
tein traﬃcking rather than proteasomal degradation [86].
Monoubiquitination of Pex5p takes place at the peroxisomal
membrane and depends on an intact importomer [78]. More-
over, it is independent from Ubc4p, Ubc5p or Ubc1p [78]
and from all non-peroxisomal E2-enzymes but requires Pex4p
(Ubc10p) [85], an E2-enzyme which is essential for peroxi-
somal biogenesis [87] and anchored via Pex22p to the peroxi-
somal membrane [88]. Pex5p is a molecular target for Pex4p
(Ubc10p)-dependent monoubiquitination and either poly- or
monoubiquitination of the receptor is required for the ATP-
dependent release of the protein from the peroxisomal mem-
brane to the cytosol as part of the receptor cycle [85]. Thus,
monoubiquitination of Pex5p can be regarded as the export
signal under physiological conditions. Polyubiquitination
seems to provide an export signal for the release of dysfunc-
tional or accumulating PTS1-receptor from the membrane as
part of the quality control pathway.
The target residue for monoubiquitination remains to be
identiﬁed. A clue to the identity of the target residue may be
drawn from the recent observation that the conserved cysteine
residue of Pex20p from P. pastoris, which can be found in all
PTS1- and PTS2-co-receptors, is required for the recycling
[89]. Ubiquitin usually forms an isopeptide bond with the e-
amino group of an internal lysine residue. Another possibility
is the conjugation of ubiquitin to the a-amino group of the N-
terminus of a protein. However, also the formation of a
thioester bond with a cysteine residue of the target protein is
possible [86]. The requirement for the conserved cysteine for
recycling which also depends on ubiquitination opens the pos-
sibility that the monoubiquitination of Pex5p occurs at the
conserved cysteine residue or that this residue is needed for
the ubiquitination of another lysine or the N-terminus of
Pex5p. While it seems clear that the purpose of monoubiquiti-
nation is to prime Pex5p for eﬃcient export mediated by the
AAA peroxins [61], the direct mechanistic inﬂuence of this
modiﬁcation remains to be investigated. As a consequence of
receptor export, ubiquitin has to be removed after or during
dislocation by a deubiquitinating enzyme, which represents a
new and yet to deﬁne step in the PTS-receptor cycle.
Another question still to answer is the identity of the E3-en-
zymes for poly- and monoubiquitination. The best candidates
are Pex2p, Pex10p and Pex12p, as the RING ﬁnger motif is the
catalytical domain of a subclass of E3-enzymes.
In conclusion, the collected evidence indicates that the en-
ergy-dependence of peroxisomal protein import is accounted
for by two groups of ATP-dependent enzymatic activities re-
quired for the release of the PTS-receptors from the peroxi-
somal membrane. First, receptor ubiquitination, as ubiquitin
H.W. Platta, R. Erdmann / FEBS Letters 581 (2007) 2811–2819 2817has to be activated by an ATP-dependent step before it is
passed onto Pex4p, and second, ATP hydrolysis in the con-
served AAA-domains of Pex1p and Pex6p in order to pull
the primed Pex5p out of the membrane. Because the mecha-
nism required for PTS-receptor recycling resembles the
endoplasmatic reticulum associated degradation (ERAD)-
pathway, peroxisomes do not only share the origin of their
membranes with the ER, but also the principle of their ubiqui-
tin-based protein targeting system.
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